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PREFACE

This report is a summary of the accomplishments during 1976 in Argonne
National Laboratory's program on high-temperature secondary batteries. The
work 1is carried out principally in Argonne's Chemical Engineering Division,
and involves the efforts of many scientists and technicians. Some of the
efforts of these individuals are reflected in the list of publications at
the end of the report, and in other publications planned for the near future.
Although acknowledgment of the contributions of individuals is beyond the
scope of this brief report, their efforts are essential to the success of
the program.



ABSTRACT

I.

T,

ITT.

IV,

VI.

VII.

VIII.

TABLE OF CONTENTS

- * - . . . . . . . L] L] . . - L] L] . . L) . . L] . . . .

OVERVIEW OF BATTERY PROGRAM . . . . . . +. ¢ ¢ ¢ v o o o & &

COMMERCIAL DEVELOPMENT . . . . . . & & « ¢ « o o v o o o o o =

A, Commercialization Studies . . . . . e e e e s s e e e
B. Fabrication of Cells by Industrial Firms . . . ..
C. Development of Cell Components by Industrial Firms . . .

SYSTmS DES IGN . - - L] . - L . L] . L L L » . . . - - -

A, Conceptual Design of a 30-kW-hr Electric-Vehicle Battery.

B. Conceptual Design of a Battery Module for Stationary
Energy Storage . . . . . . . e e e e s s e e s

C. Development of a Charger for an Electric—Vehicle Battery.

CELL PERFORMANCE AND LIFETIME TESTING . . . . « « « « « « « &

A. Industrial Cells . . & & & v ¢ ¢ o o o o s o o o« o « o
B. ANL Cells . v v ¢ ¢ o o o o o o o o « o o = = 2 « « o o

ADVANCED ENGINEERING . . . . . . ¢ &« ¢ ¢ ¢« « o o o « « @

MATERIAL S STUD IES . ) L . . . . - . - L] - . L] L] L4 L] L] . L] 3 .

A. Electrical Feedthroughs . . . . . . . . « ¢« ¢« « ¢ « o &
B, Electrode Separator Development . . . . . . . .« « « + + &
C. Static Compatibility Tests . . . . . « ¢ v ¢« o « o« o & &
D. Postoperative Examinations . . . . . . . . . . . .

CELL CHEMISTRY . . & 4 & ¢ ¢ ¢ o o o o o o o o » o o s o s o &

ALTERNATIVE CELL SYSTEMS . . . ¢« + ¢« ¢« ¢« ¢ ¢ « o o « o o o« « &

REFERENCES . . . - - - . . . . . . . . . * L] . L] L] L . . L . * L] L} . .

ADDENDUM: PUBLICATIONS DURING 1976 . . . . « ¢ ¢ ¢« o o o « o o =

111

~NGohon o

~J

16

18
18
18
19
20
20
22
23

24



LIST OF FIGURES

Title

Conceptual Design of 30-kW-hr Electric-Vehicle Battery . .

Utilization of Active Materials in Thick (Type B) and Thin
(Type A) FeS; Cells as a Function of Current Density .

Cycling Tests of Eagle-Picher Thick (Type B) Fe52 Cells at
42 mA/cm e e e e e e e e e e e e e . e e e e e e .

Design of Engineering-Scale, Uncharged Cell . . . . . . .

Performance of an Uncharged, Two-Plateau Li-Al/FeS;-CoS, Cell.

Performance of an Uncharged, Upper—Plateau Li-Al/FeSz—CoSZ
Cell * - . - - L] - . - L] . . - L] - L] L] - - L] . L] - . L]

Design for Advanced FeS; Cell. . . . . . . . . . . . . .

LIST OF TABLES
Title

Performance and Cost Goals for Lithium-Aluminum/Metal Sulfide
Batteries. . . . . . . . . . . v v ...

10

11

13

14

15

17



DEVELOPMENT OF LITHIUM/METAL SULFIDE BATTERIES
AT ARGONNE NATTONAL LABORATORY:
SUMMARY REPORT FOR 1976

ABSTRACT

This report consists of highlights for 1976 of Argonne National
Laboratory's program on the development of lithium/metal sulfide batteries.
The intended applications for these high-performance batteries are stationary
energy storage for electric utility systems and electric vehicle propulsion.
The battery cells consist of a lithium-aluminum alloy negative electrode, an
FeS or FeS; positive electrode, and a molten LiCl1-KCl electrolyte, which
requires an operating temperature of 400-450°C. Most of the cells tested
during the year were of a prismatic design, with capacities in the range of
100-150 A-hr.

Contracts were continued with three industrial firms on the development
of cell fabrication techniques and the fabrication of cells for testing at
Argonne. Industrial contracts were also continued on the development and
fabrication of electrical feedthroughs and electrode separators. In addition,
the Atomics International Division of Rockwell International is conducting a
more general research and development effort on lithium/metal sulfide bat-
teries under a contract with Argonne. These contracts have proved to be an
effective means of transferring this battery technology to industry.

A design study was initiated on a 6 MW-hr battery module for stationary
energy storage. This module is expected to be ready for testing in the
Battery Energy Storage Test (BEST) Facility in 1981 or 1982. A conceptual
design for a 30-kW-hr electric-vehicle battery, which has been completed,
will serve as the basic design for the Mark I battery that is to be tested
in a van.

In the base technology development effort at Argonne, the program has
been separated more clearly between the stationary energy storage and electric
vehicle applications because of the different performance and lifetime require-
ments. The engineering work has been concerned mainly with the effects of
modifications in cell designs and materials on performance and lifetime. The
assembly of cells in the uncharged state was demonstrated successfully and
found to offer some advantages. A large proportion of the Argonne effort
was directed to the testing of industrially fabricated cells of various
designs.

Materials development studies have continued on electrical feedthroughs
and new types of separators, including papers, felts and powders. Chemistry
studies have involved alternative electrolyte compositions, liquid lithium
electrodes, reaction mechanisms and preparative methods for electrode
materials.



I. OVERVIEW OF BATTERY PROGRAM

The lithium/metal sulfide battery program at ANL has the dual objective
of developing batteries for use as power sources for electric vehicles, and
large-scale, stationary energy-storage devices for applications such as load-
leveling on electric-utility networks. During the past year, the research
and development efforts on batteries for the two applications have been
combined into a single program activity. At the same time, the performance
and cost goals and the technical approaches for the electric-vehicle and
stationary energy-storage batteries have become much more clearly separated.
These goals—-for both near-term and more advanced batteries-—-are summarized

in Table 1.

Table 1. Performance and Cost Goals for Lithium-Aluminum/Metal
Sulfide Batteries

Electric Vehicle Stationary Energy
Propulsion Storage
Mark I Prototype BEST2 Prototype
Battery Goals 1978 1985 1981 1985
Power
Peak 30 kW 60 kW 1.5 MW 25 MW
Sustained Discharge 12 kW 25 kW 1 MW 10 Mv
Energy Output 30 kW-hr 45 kW-hr 5 MW-hr 100 MW-hr
Discharge Time, hr 4 4 5 5-10
Charge Time, hr 8 5-8 8 10
Cycle Life 300 1000 1000 3000
Cost of Cells, $/kW-hr - 35 25-30b 20

a
Battery Energy Storage Test Facility (discussed below in the text).

b .
Projected cost for a production rate of 2000 MW-hr/yr.

The divergence between the development work on the electric-vehicle
battery and that on the stationary energy-storage battery results from the
different requirements of the two applications. The electric-vehicle battery
must have a high specific energy (about 150 W-hr/kg) to provide an adequate
driving range and sufficiently high peak and sustained specific power to
maintain normal highway speeds and to allow passing and hill-climbing. For
the stationary energy-storage battery, the specific energy and specific power
requirements are less stringent, but the batteries must have a lower cost and
longer lifetime.

These different requirements are reflected in the cell designs for the
two applications. The electric-vehicle battery cells are smaller (13 by 18
cm), and the active material in the positive electrode is FeSz, which gives
higher specific power and specific energy than FeS, but requires molybdenum



current collectors. The cells for stationary energy storage are larger (25
by 25 cm) and the material in the positive electrodes is FeS, which is com-
patible with iron or steel current collectors. Because of the relative ease
of joining iron or steel current leads, it may be possible to use multiple-
electrode cells for stationary storage instead of the one-positive, two-
negative electrode arrangement used in the electric-vehicle cells. Other
design differences, such as the electrode thicknesses, are also anticipated
for the two applications.

The passage by Congress of the Electric and Hybrid Vehicle Research,
Development and Demonstration Act of 1976 has heightened national interest in
the electric-vehicle battery. Our plans call for testing an electric-vehicle
battery (Mark I)--first in the laboratory and then in a van--during 1978.

The performance goals for the Mark I battery (Table 1) do not include a cost
goal. However, the goals for more advanced electric-vehicle batteries include
realistic cost goals, as well as more stringent performance goals. A concep~-
tual design for a 30-kW-hr electric-vehicle battery, completed during the past
year, will serve as the basic design for the Mark I battery.

A design study has also been started on a 6 MW-hr battery module for
stationary energy storage; the design provides a module size that can be
transported by truck. This module is expected to be ready for testing in
the Battery Energy Storage Test (BEST) Facility in 1981 or 1982. The BEST
Facility is a joilnt undertaking by ERDA and the Electric Power Research
Institute and will be used to test advanced energy-storage batteries on a
utility network.

The present effort in the program is directed toward the development of
prismatic cells with vertically oriented electrodes. Most of the cells have
two negative electrodes of a solid lithium—aluminum alloy (~50 at. % Li), a
central positive electrode of either FeSs-CoS; or FeS-CusS, a separator for
electrical isolation of the electrodes, and an electrolyte of molten LiCl-KCl
eutectic (mp, 352°C) that fills the pores in the electrodes and the separator.
The use of this electrolyte requires operation of the cell at about 400 to
450°C. Boron nitride fabric separators, which are used in most of the cells,
provide satisfactory electrical isolation of the electrodes. However, the
boron nitride cannot be woven finely enough to completely prevent the escape
of the particulate active materials from the electrodes. For this reason,
finely woven zirconium oxide fabric is usually placed over the faces of the
positive electrode and fine steel or stainless steel screen over the faces
of the negative electrodes. Development work is in progress on lower-cost,
thinner separators such as papers, which will serve the dual function of
isolating the electrodes electrically and retaining the particulate material
in the electrodes. Work is continuing on the development of cells with
initially uncharged electrodes,* but the development of cells with initially
charged electrodes is also being pursued.

The participation of industrial firms in the development and fabrication
of cells and components, begun in 1975, is continuing. Under contracts with
ANL, three firms--Gould Inc., Eagle-Picher Industries, Inc., and Catalyst

*These cells are fabricated with negative electrodes of porous aluminum and
positive electrodes of LijS and iron; upon first charge, Li-Al alloy is
formed in the negative electrode and FeSs (or FeS) is formed in the positive
electrode.



Research Corporation--are developing manufacturing procedures and fabricating
test cells. By the end of December 1976, about 44 cells of various designs
had been produced by these three firms. In addition, the Atomics International
Division of Rockwell International is conducting a more general research and
development program, mainly on Li-Si/FeS cells and components, under a con-=
tract with ANL. In the area of materials and components for Li-Al/FeSy cells,
the Carborundum Corporation, the University of Florida,* Fiber Materials,
Inc., and Zircar Products, Inc. are fabricating paper and felt electrode
separators. Ceramaseal, Inc. and Coors Porcelain are developing electrical

feedthroughs and insulators.

The cell and battery engineering effort at ANL is concerned with the
design and testing of cells fabricated by the industrial contractors. The
strategy being applied is for each industrial contractor to develop a base-
line cell design, using both the base technology developed at ANL and their
own experience. When the baseline design has been tested and proved accept-
able, various modifications are evaluated in an effort to improve the specific
energy, specific power, and reliability of the cells. The industrially pro-
duced cells are also being tested in series and parallel arrangements to
determine their behavior in battery configurations.

The cell and battery engineering work also includes further development
of base technology. Modifications in the design and materials used in elec-
trodes, separators, and other cell components are being evaluated to determine
their effects on performance and lifetime, with the advances made being incor-
porated as quickly as possible into cells being fabricated by contractors.

In advanced engineering studies, more innovative approaches to cell
designs and materials are explored. Some of these include the design of
multiple-—electrode cells, the use of additives to improve the performance of
lithium—aluminum electrodes, and the design of new types of negative-electrode
structures.

A continuing emphasis is placed on the development and evaluation of
materials used in the cells and batteries. Development work at ANL on elec-
trical feedthroughs and electrode separators complements the work being done
under contracts. In the separator studies, improvements in the properties
of felt and paper separators are being sought and new types of separators,
e.g., powders and rigid structures, are being developed. The materials work
also Includes corrosion testing of candidate materials of construction and
postoperative examination of cells tested in the engineering programs.

Cell chemistry studies during the past year included assessment of alter-
native electrolytes, design of liquid-lithium electrodes, identification of
the mechanism of discharge in FeS electrodes by metallography, and improve-
ments in preparative methods for electrode materials.

Under a separate budget activity, but related to the lithium/metal
sulfide battery program, are continuing investigations of alternative high-
temperature cell systems. The objective of this work 1is to develop a batterv
that would use low-cost, abundant materials, but still approach or equal the
performance of other high-temperature batteries. In these investigations,
cells having calcium-alloy rather than lithium-alloy electrodes are showing
promise and are currently being scaled up for engineering development.

*Funded directly by ERDA.




IT. COMMERCIAL DEVELOPMENT

The commercial development effort is directed to the establishment of a
self-sustaining industry capable of producing lithium/iron sulfide batteries
in sufficient numbers to meet national needs. This objective is to be accom-
plished through the use of normal market forces, with a minimum of federal
support. One phase of the commercialization effort comprises evaluations
of economic factors, such as potential markets and manufacturing costs. An
important part of the commercialization effort is the rapid transfer of battery
technology to industry. This is being achieved by having representatives of
industrial firms participate in the battery program at ANL and by contracting
industrial firms to undertake the development and fabrication of cells, the
design and development of components, and the design of batteries.

A. Commercialization Studies

A commercial development plan, presently being formulated, consists of a
market study, an analysis of battery cost as a function of production rate,
a manufacturing plan, a financial plan, and an analysis of competing tech-
nologies. The first phase of the market study* is being directed to the
identification of special markets, e.g., military, aerospace, and certain
industrial users, for the period from about 1981 to 1985. The study is based
on the assumption that the batteries would be produced in pilot-scale facili-
ties at a cost of about $100-300/kW-hr. Preliminary results indicate that
these special markets might support several pllot plants with capacities of
100-200 MW-hr/yr.

B. Fabrication of Cells by Industrial Firms

Three industrial firms, under contracts with ANL, are developing manufac-
turing procedures and fabricating electrodes and cells. These firms are Gould
Inc., Eagle-Picher Industries, Inc., and Catalyst Research Corporation. Per-
formance testing of these cells 1is described in Section IV.

For each new batch of cells, the industrial contractor is first given
design guidelines by ANL. Working within these guidelines, the contractor
produces a detailed design, which is evaluated by ANL. After design details
are mutually agreed upon, a few cells are built by the contractor and tested
at ANL. When the design has proved acceptable, a larger batch of cells of
this baseline design is fabricated and the cells are tested at ANL. These
test results serve as the basis for evaluating the reproducibility in perfor-
mance of cells of a given design and for modifying cell designs to provide
better cell performance.

1. Gould Inc.

The first batch of Gould cells were 13 by 13 cm cells with electrodes
made by vibratory loading of active powders into porous current-collector
structures. As a result of problems encountered in loading the active powders
into the porous structures and in handling the BN separators during cell

*
Assistance with this study is being given by personnel from ANL's Division of
Energy and Environmental Systems and from three battery developers, namely,
Gould Inc., Eagle-Picher Industries, Inc., and Atomics International.



assembly, the cells did not achieve the expected performance. A decision was
made to discontinue work on cells with powder-loaded electrodes, and a second
contract was made with Gould to produce cells having uncharged electrodes
formed by hot-pressing. The cells have molded BN separators (described below)
and are larger (13 by 18 cm) than the first cells.

By the end of 1976, Gould had fabricated six uncharged FeS cells of
the new design. Four of these are being tested at ANL and the other two will
be tested at Gould. Efforts at Gould are now directed toward the design and
fabrication of FeS; cells. These cells are designed for operation on the
upper voltage plateau.*

2. Eagle-Picher Industries, Inc.

Under the initial contract, Eagle-Picher fabricated 24 cells with
electrodes made by cold-pressing active powders and electrolyte into metal
"honeycomb" current collectors. Tests of the first few FeS; cells revealed
a weak connection between the molybdenum current collector and terminal lead
of the positive electrode; this connection was redesigned before the remainder
of the FeS, cells were fabricated. A molded BN separator was also incorporated
into the cell design. To make this separator, the BN fabric is wetted with
an alcohol-electrolyte mixture, formed in a die, and dried. The molded sepa-
rator is smooth and easy to handle, and can be readily inspected for flaws.
(As stated above, this type of separator is also being used for the second
batch of Gould cells.)

Work at Eagle-Picher is presently directed toward the fabrication of
58 additional cells, under an addendum to their contract. The 13 by 13 cm
cells have cold-pressed electrodes and are assembled in both the charged and
uncharged states. The cells are divided into nine groups, each group having
a different modification of the baseline design. The modifications include
a variation in the ratio of the theoretical capacities of the positive and
negative electrodes, an increase in the diameter of the positive lead, and the
use of yttria felt instead of boron nitride fabric as the separator material.
Provisions are also being made at Eagle-Picher to produce larger (13 by 18 cm)
cells.

3. Catalyst Research Corp.

Work at Catalyst Research is directed to the development of proce-
dures for manufacturing cells in a dry-room atmosphere (<1% relative humidity)
and for casting lithium-aluminum electrodes in porous metal substrates. Cell
testing is also being carried out at Catalyst Research. The cells tested thus
far have exhibited excessive degassing, particularly on start-up; the possi-
bility that degassing 1s related to the fabrication of electrodes in air is
being investigated. Progress has been made recentlv in the development of
the cast Li-Al electrode, and Catalyst Research is fabricating cells with
cast negative electrodes and FeS; electrodes supplied by ANL.

*

Two voltage plateaus (FeS; + FeS and FeS - Fe) are obtained in the complete
discharge of a Li-Al1/FeS, cell; these occur at about 1.6 and 1.3 V, respec-
tively. 1In an upper-plateau FeS; cell, either charged or uncharged, the
proportions of active materials in the electrodes are chosen so that the
cell operates on the 1.6-V plateau (FeS; -+ FeS§).




C. Development of Cell Components by Industrial Firms

The participation of industrial firms in the development and fabrication
of cell components and selected materials is continuing. The main emphasis
in this area is on (1) the development of separator materials and the fabri-
cation of these materials into practical separators, (2) the development of
insulated feedthroughs, and (3) the production of materials of special impor-
tance to cell fabrication, e.g., Li-Al alloys, LiC1-KCl, and LipS. Work at
ANL on separators and feedthroughs is discussed in Section VI.

Carborundum Corporation is producing boron nitride fiber for near-term
use and is also conducting a design and cost analysis for a plant capable of
large-scale production of BN fiber. As part of a separate contract,
Carborundum produced paper separators of BN fibers bonded with BN; these
were subjected to in-cell testing at ANL and appear promising. At the
University of Florida, a paper-making machine is being set up for a pilot-
plant run to produce BN paper bonded with 10 wt 7 asbestos. This material
is being produced for engineering-scale cell tests. In other work, Fiber
Materials, Inc. has developed a process for the manufacture of BN felt, and
Zircar Products, Inc. has developed a Y503 felt separator.

Ceramaseal, Inc. has developed a ram-type feedthrough that has exhibited
excellent leak-tightness; attempts are now under way to reduce the weight and
size of the feedthrough. The reduction in size is necessary to make it com-
patible with the thin cells planned for the Mark I electric-vehicle battery.
Coors Porcelain has developed a method of fabricating cold-pressed yttria
insulators and is working on a nonmetallic braze for the yttria parts.

ITT. SYSTEMS DESIGN

A. Conceptual Design of a 30-kW-hr Electric-Vehicle Battery

A conceptual design has been completed for the 30 kW-hr electric-vehicle
battery (Mark I) that is scheduled for testing in a van in 1978. A sectional
view of this battery is shown in Fig. 1. The battery housing provides space
for about 200 prismatic (13 by 18 cm) cells. These cells are connected in a
parallel/series arrangement to give 100 cell couples connected in series (each
cell couple consists of two cells in parallel). This arrangement gives an
average battery voltage of about 145 V, with an energy output of about 30
kW-hr at the 5-hr discharge rate. A thermal-insulation system consisting of
a vacuum annulus filled with 40-80 reflective surfaces (multifoil) is employed.
The total heat loss of the 30-kW-hr battery at an operating temperature of
435°C is projected to be 100-200 W, including the losses through penetrations
in the insulation at the end of the battery. Cooling with ambient air con-
trols the battery temperature during vehicle operation; internal resistance
heaters are provided to heat the battery from ambient to operating tempera-
ture, and to maintain the battery temperature during brief periods of nonuse.

A joint effort was recently undertaken by ANL and Eagle-Picher Industries,
Inc. to prepare a more detailed design of the battery housing and to fabricate
a prototype housing for testing at ANL. The results of thermal-efficiency
tests and heating and cooling tests under simulated conditions of battery
operation will provide input to the design of the Mark I battery housing.
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Fig. 1. Conceptual Design of 30-kW-hr Electric-Vehicle Battery
(sectional view)

B. Conceptual Design of a Battery Module for Stationary Energy Storage

A conceptual design and cost study for a battery module for stationmary
energy storage was started in December 1976 as a joint effort between the
Chemical Engineering and Engineering Divisions of ANL. This design will
serve as a reference for the detailed design and construction of a 6 MW-hr
module to be tested in the BEST Facility in 1981 or 1982.

Effort is presently being directed toward the design and cost analysis
for the module housing and auxiliaries. The bases for the cost analysis
include (1) the use of inexpensive materials,* (2) construction of module
housings in a semiautomated plant, and (3) a module size that permits
delivery of the housing to the utility site by truck.

Weather-tight construction is specified for the housing to eliminate
the need for additional outer protection at the site. About 15 cm of
inexpensive, commercially available insulation (e.g., fiberglass or foamed
silica brick) 1s adequate for temperature maintenance. Cooling to remove
heat generated by battery inefficiency 1s provided by the use of once-through
ambient air. Work is under way to devise a method for removing faultv cells
without cooling the module to ambient temperature.

C. Development of a Charger for an Electric-Vehicle Battery

The feasibility of a battery charger employing charge equalization of
the cells was demonstrated in the laboratory early in 1976. A contract was

*
The preliminary target goal for cost of the housing 1s $5-7/kW-hr of stored
energy.



then made with Gulton Industries, Inc. to design and construct an economical
and lightweight cell-equalization system suitable for use on mass-produced
electric vehicles., The main charger is controlled by the battery terminal
voltage. At a specified voltage level, the main charger is deactivated, and
the equalizer completes the charging process. The equalizing charger provides
an independent constant-voltage source to each cell so that each cell may
come to a full charge independently.

Gulton Industries produced two prototype six-cell equalizer systems, one
for FeS cells and the other for FeS; cells. Both units provide effective cell
equalization during a weekend battery charge. In mass-produced quantities,
the cost of a charge equalization system is estimated to be about one dollar
per cell. This type of charging system also shows promise for use with other
battery systems under development for electric-vehicle propulsion.

IV. CELL PERFORMANCE AND LIFETIME TESTING

A. Industrial Cells

The cells produced under contracts with industrial firms are tested at
ANL, using a set of standard procedures that permit a comparison of the per-
formance characteristics of cells of different designs. The test procedures
include measurements of the capacity and specific energy of the cells as a
function of discharge rate and the specific power as a function of discharge
current and state of discharge. In the lifetime tests, charge/discharge
cycling is continued until the performance (usually capacity or coulombic
efficiency) declines to an unacceptable level.

The first cells of the second batch being produced by Gould (see Section
IT1.B) were delivered in December 1976. These cells, which are 13 by 18 cm
FeS cells having hot-pressed electrodes fabricated in the uncharged state,
are now being tested.

The cells produced by Catalyst Research Corp. were fabricated in a dry-
air atmosphere to evaluate the possibility of avoiding the expense and com-
plexity of inert-atmosphere fabrication facilities. The cells showed consider-
able degassing, especially during start-up; the possibility that the degassing
is related to fabrication of the electrodes in air is being investigated. 1In
tests of these cells at Catalyst Research, the most recent result was obtained
for a 13 by 18 cm cell with negative electrodes of Li-Al cast in a porous-
metal current collector and an FeS, electrode supplied by ANL. This cell
achieved a peak capacity of about 70% of the theoretical value (144 A-hr);
after about 1000 hr of operation, the capacity had declined by ~13%, but the
coulombic efficiency remained high (99%).

Eagle-Picher produced both FeS and FeS, cells that are 13 cm square and
of two thicknesses. The Type A (thin) cells are "2 cm thick and have theo-
retical capacities of 70 A-hr; the Type B (thick) cells are ~3.5 cm thick and
have capacities of 150 A-hr. The capacities of the positive and negative
electrodes are matched in both types of cells.

A comparison of the utilization of active material (percent of theoretical
capacity) in Type A and Type B FeS; cells is shown in Fig. 2. The results
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Fig. 2. Utilization of Active Materials in Thick (Type B)
and Thin (Type A) FeS, Cells as a Function of
Current Density

show that thin electrodes effect a higher utilization of the active materials,
particularly at higher current densities. In the thicker cells, not all of
the active material is utilized, and the added weight of the unused material
decreases the specific energy and specific power.

Three FeSy; cells (2B4, 2B5, and 2B7; Type B) were subjected to deep
cycling* at constant current of 13 A (current density, 42 mA/cm?) to test the
effect of charge cutoff voltage on the utilization of active materials. The
results, shown in Fig. 3, demonstrate that increasing the charge cutoff volt-
age from 2.0 to 2.2 V produced an increase in the utilization of active
materials from 80 to 114 A-hr (or from 53 to 76% of the theoretical capacityv).
The corresponding increase in specific energy was from 60 to 79 W-hr/kg. 1In
contrast to these results, the thinner Type A FeS; cells have shown no effect
of charge cutoff voltage on the utilization of active materials.

The shapes of the curves in Fig. 3 are typical for the Type B FeS; cells:
the capacity Increases markedly during the first few break—-in cycles, reaches
a maximum value within about the first 30 cycles, and then decreases to a
stable value. After extended cycling, the capacity begins to decline and
the test is terminated. (Cell 2B7, for which the curve in Fig. 3 is incom-
plete, 1s discussed below.)

*
Discharge cutoff voltage, 1.0 V. A deep cycle is generally considered to
be one in which more than 50% of the theoretical capacity 1s discharged.
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The testing of Cell 2B4 was concluded after 1700 hr and 130 cycles
because 1ts capacity declined steadily after the 80th cycle. However, the
coulombic efficiency of this cell remained high, even at the end of its life.
The operation of Cell 2B5 was terminated after 127 cycles and 2175 hr when
the coulombic efficiency decreased markedly (an indication of a partial short
circuit). Cell 2B7, after 30 deep cycles, was placed on a modified cycling
schedule that was designed to resemble the duty cycle of an electric-vehicle
battery and consisted of a combination of shallow and deep cycles at the 2-
and 4-hr rates. Its specific energy was 40 W-hr/kg at the 2-hr rate. Under
the new cycling schedule, Cell 2B7 also exhibited the characteristic period
of stable performance discussed above. When the capacity began to decline,
operation of this cell was terminated; at this point, it had completed 2550
hr of operation and 525 (shallow plus deep) cycles. The major conclusions
from this series of cell tests are that increasing the charge cutoff voltage
of FeSs cells from 2.0 to 2.2 V increases their capacity and has no adverse
effects on their lifetime,.

Preliminary tests of Eagle-Picher FeS cells indicated that they would
have considerably longer lifetime than the FeS; cells. Because of the limited
availability of cell cycling equipment, the decision was made to conduct life-
time tests of these cells as batteries consisting of two or three cells
connected in series or parallel, rather than as single cells.

The evaluations of the Eagle-Picher cells have indicated that (1) cells
of a given design showed reproducible performance in terms of cycle life,
specific energy, and specific power, (2) the performance of the cells was
similar to that obtained with cells developed at ANL, and (3) improvements
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in cell design and performance are needed to meet the program goals for the
electric~vehicle and stationary energy-storage applications.

Late in 1976, the first cells of the second batch being produced by
Eagle-Picher were delivered to ANL. By the end of the year, testing of cells

having Y,03 felt separators had been started.

In addition to the single-cell tests described above, the performance of
cells in series and parallel arrangements is being evaluated, start-up and
conditioning methods are being investigated, and various charging procedures
and operational schemes are being developed. These tests are being performed
using the first batch of Eagle-Picher cells; the FeS cell tests are oriented
toward stationary energy-storage applications and the FeS; cell tests toward
the electric-vehicle battery. Thus far, the cell voltages have been monitored
individually, and charge or discharge has been terminated when any one cell
in the battery configuration reached its voltage limit. Some of the cells
comprising these batteries had been cycled previously in single-cell tests.
For instance, the cells in Battery B7-S (discussed below) were operated for
about 850 hr and 75 cycles before they were connected in series as a two-cell

battery.

The performance of the FeS batteries has been very stable. In Battery
B7-S, the capacity of the Type B FeS cells has declined by only about 10%
after more than 5000 hr and 375 cycles of operation in series. The cell
equalization procedure, which is used in charging the cells, has proven
effective in bringing the cells to the same state of charge. The performance
of FeS,; batteries has been much less stable than that of the FeS batteries.
The capacity of Battery B8-S, which consisted of two Type A FeS; cells in
series, declined gradually throughout its lifetime of 2250 hr and 380 cycles.
When the test was concluded, the capacity had declined by about 257%.

The results of the battery tests that have been performed to date may be
summarized as follows. (1) Both FeS and FeSz cells operate satisfactorily
when connected either in parallel or in series. (2) The charge equalization
procedure is effective in bringing slightly mismatched cells to the same
state of charge. (3) The FeS batteries exhibit more stable performance and
longer lifetimes than the FeS; batteries. (4) Further battery development
work 1s required to meet the previously stated program goals.

B. ANL Cells

The development work presently being carried out at ANL on engineering-
scale prismatic cells has the objective of identifying and testing cell and
electrode designs that provide improved cell performance. Advances in tech-
nology that have been demonstrated in ANL cells are incorporated as quickly
as possible into the designs of cells being produced by industrial firms.

1. Li-Al/FeS, Cells

A new design for uncharged cells, shown in Fig. 4, is being tested.
The main design features are as follows: (1) the central (positive-electrode)
terminal rod is connected to the central current collector bv means of a
"door-hinge" structure,! (2) a thin mat of BN fibers is used as the separator
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Fig. 4. Design of Engineering-Scale, Uncharged Cell

and particle retainer, and (3) the negative electrodes are cast plates of 25
at. % Li-Al.*

Cell EC-1, an uncharged, two-plateau FeS, cell with a hot-pressed
positive electrode was operated to test this design. Performance curves for
Cell EC-1 are given in Fig. 5. The cell achieved specific energies of 70 and
100 W-hr/kg at the 5- and 10-hr rates, respectively. These high specific
energies were attributed to the compact design of the cell and its consequent
low weight. However, a short circuit developed early in cell life as a
result of the extrusion of active material from the electrodes. Accordingly,
improvements in design are being sought which would provide better retention
of the active materials in the electrodes and thereby prolong cell life.

*
There is some evidence to indicate that excess lithium capacity improves
cell performance.
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Fig. 5. Performance of an Uncharged, Two-Plateau Li-Al/FeS,-CoSs
Cell (Cell EC-1; thecoretical capacity, 120 A-hr)

Uncharged FeS; cells operated on the upper voltage plateau only are
being considered for use in electric-vehicle batteries. The advantages of
upper—plateau cells and a demonstration of the feasibility of fabricating and
operating an uncharged cell of this type are described later in Section V.
Experiments were also undertaken to study the design and performance of these
cells more fully. Performance curves for one of these cells (R-24) are pre-
sented in Fig. 6. The power output of the cell was stable and utilizations
were high (e.g., 83%* at a high discharge current of 40 A, which is equivalent
to a 2-hr discharge rate). Because of problems with short-circuiting, the
lifetime of Cell R-24 was short. However, the high utilizations achieved in
early cycling are encouraging, and efforts are being focused on improving the
cell design.

Long cycle life with good retention of capacity has been demonstrated
by Cell YF-1. This cell is a charged, intermediate-size cell (about 8 by 13
¢m, V75 A-hr theoretical capacity) having negative electrodes of Li-Al powder
in a porous 1iron structure and an FeSy positive electrode in a carbon-bonded
Structure.t At year's end, this cell had been in operation for more than
4400 hr and 410 cycles at the 5-hr rate, which no decline 1in capacitv from
the original value ( 45 A-hr, 60% of theoretical). A significant feature of
cell operation was the use of current-limited, constant-voltage charging
(2.1 + 0.1 v, 10-A maximum current) rather than the constant-current charging
presently used for most cells. Constant-voltage charging appears to be a
better charging technique for attaining stable cell capacity over large

*
Based on FeS; + FeS (112 A-hr),

-.l-
Carbon-bonded positive electrodes, which are suitable for use with both FeSj
and FeS, are described in the next subsection.
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Fig. 6. Performance of an Uncharged, Upper-Plateau Li-Al/FeS,-CoS»
Cell (Cell R-24; design capacity, 112 A-hr)
numbers of cycles. Investigations of the effect of various charging tech-

niques on cell performance are being continued.

2. Li-Al/FeS Cells

The effort in this part of the program is directed toward develop-
ment of cells for stationary energy-storage batteries. Cell SS-1 was the
first cell of this type to be scaled up to a larger size (from 13 by 13 cm
to 24 by 35 cm). This cell, which was assembled in the charged state, had a
carbon-bonded FeS-CuzS positive electrode and two negative electrodes of Li-Al
in a porous iron structure; its theoretical capacity was 650 A-hr. At the
10-hr rate, the cell achieved a utilization of about 70%, with an energy
output of 577 W-hr. The utilization and coulombic efficiency of this cell
were as high as those achieved by previous smaller cells, thereby indicating
that the scale-up effort was successful.

Development of carbon-bonded electrodes, begun in late 1975, is con-
tinuing. This type of electrode is formed from a paste~like mixture of active
material, a volatile constituent (ammonium carbonate) to produce porosity in
the final structure, and a binder (graphite cement). When this mixture is
cured, the resulting electrode structure is a porous current collector in inti-
mate electrical contact with the active material. A charged Li-Al/CuFeS; cell,
Cell CB-1, with a carbon-bonded positive electrode and a hot-pressed Li-Al
electrode has been in operation for more than 550 cycles and 7600 hr. The
coulombic efficiency has remained at about 98%, and the capacity 1s very stable
with cycling. In the continuing operation of Cell KK-5, which has a carbon-
bonded, uncharged FeS electrode, the coulombic efficiency remains at 98%, and
the capacity has declined only 3% after 305 cycles and 5300 hr. The carbon-
bonding technique is a promising method for fabricating positive electrodes,
and effort will be continued to improve these electrodes.
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V. ADVANCED ENGINEERING
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high-performance cells.

Upper-plateau FeS; cells are of interest for electric-vehicle batteries
because of the following potential advantages: (1) high power capability
throughout discharge, (2) high average voltage, (3) simplified control of
battery voltage owing to the use of a single voltage plateau, and (4) better

protection from overcharge.

In earlier work, described in ANL-76-45 (Rev.), upper plateau FeS;
cells fabricated in the charged state had exhibited high power capabilities.
In more recent work, Cell A-2 was built and operated to demonstrate the feasi-
bility of initially uncharged FeS; cells of the upper-plateau type. In the
fabrication of this cell, a new technique was used for introducing "excess
1lithium capacity" into uncharged FeS; cells by adjusting the Li,S:FeS; ratio.
This technique may avoid the need for introducing lithium into the negative
electrode during fabrication. The specific energy achieved by Cell A-2 was
high, namely, 100 W-hr/kg at the 5-hr rate.

A multiplate cell containing three negative and two positive electrodes
was also developed and tested. This cell (A-1) was an uncharged two-plateau
FeS; cell weighing about 3 kg; it was designed to have an energy output of
about 400 W-hr, which is believed to be about 40% of full scale for the
stationary energy-storage application. This cell achieved a specific energy
of about 110 W-hr/kg at the 8~hr rate.

All of the compact engineering cells tested have experienced a common
problem, namely, the tendency of the electrodes to expand into the gas/
electrolyte chamber at the top of the cell. This expansion often results
in short-circuiting. Cells A-1 and A-2 both had operating lifetimes of less
than 1400 hr because of this type of short-circuiting. To avoid this problem,
a new design was developed in which the upper chamber was eliminated and the
cell housing served as a support for the electrodes. This design, shown in
Fig. 7, employs a single-piece molybdenum current collector and a single-
sheet separator/particle retainer.

Morphological studies of Li-Al negative electrodes have suggested that
their cycle 1life may be limited by the formation of very finely divided Li-Al
particles, with a resulting decrease in electronic conduction. Therefore, we
are exploring the possibility of controlling the morphological changes by the
addition of a third metal to form a ternary alloy. Additions of lead or tin
did not improve the performance or cycle life of the electrode. Copper
appeared to extend the cycle life, but with some decrease in performance.

In contrast, indium had a strongly beneficial effect. For example, a Li-Al
electrode containing 3.9 wt % indium achieved high lithium utilization and
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retained capacity throughout its operation for 136 cycles; concentrations as
low as 1 wt % were also effective. Metallographic examination of the Li-Al-In
electrodes indicated that the particle size distribution was unusually uniform.
The effectiveness of indium as an additive to the Li-Al electrode was demon-
strated subsequently in an engineering-scale cell (Li-Al-6 wt % In/FeS-CujS,
Cell FM-1), which operated for 225 cycles and 2500 hr with less than 5%
decline in capacity.

Two new types of negative electrodes were evaluated as part of the effort
to improve current collection. The first type was an uncharged (lithium-free)
electrode fabricated from a woven fabric of aluminum ribbon, copper-coated
iron wire, and copper ribbon; the electrical performance of this electrode
has been excellent. The second type was an uncharged electrode formed by
carbon-bonding aluminum powder. This electrode yielded electrical performance
equivalent to that of more conventional Li-Al electrodes, with no evidence of
lithium carbide formation. Additional, long-term tests are planned for both
new types of electrodes to determine their cycle life capabilities.
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VI. MATERIALS STUDIES

A, Electrical Feedthroughs

An electrical feedthrough is required to isolate the positive electrode
terminal from the cell housing, which 1s at negative potential. The feed-
through must be leak-tight, light in weight, and inexpensive. The only
commercially available feedthroughs that have adequate corrosion resistance
are mechanical seals, which are not sufficiently leak-tight, and are unaccept-
ably bulky. A brazed-type feedthrough will probably prove to be the most
satisfactory for long-term use, and new and innovative brazed seals are being
sought. However, thus far, none has been found that is completely satisfac-
tory. Accordingly, work 1s in progress to improve the mechanical seals.

The feedthroughs used in most of our test cells have been modified ver-
sions of the Conax thermocouple seal. With the addition of BN powder as a
sealant and the use of Y03 as a lower insulator, leak rates as low as about
10-% Pa-m3/s have been obtained. More recently, by the use of a crimping
procedure, the massive retainer nut at the top of the housing was eliminated,
thereby reducing the mass of the housing by about 50%Z. In addition, a second-
ary solder-glass seal has been added; feedthroughs of this type have demon-
strated leak rates as low as 10~10 Pa-m3/s, 2.e., the feedthroughs are essen-
tially leak-tight. Presently, the feedthrough is being scaled down to an
outside diameter of 1.9 cm for compatibility with the designs of the Mark I

vehicle cells.

B. Electrode Separator Development

A compact, lightweight cell requires an electrode separator that is thin,
inexpensive, and resistant to corrosion in the cell environment. The prin-
cipal function of the separator 1s to provide electrical isolation of the
electrodes from each other, while permitting the electrolyte to serve as a
medium for the transport of lithium ions between the electrodes. It would be
desirable to develop a separator material that would also serve as a retainer
to confine the particulate active materials in the electrodes--a function now
performed by cloths or screens placed over the electrode faces.

Paper, felt, and powder separators are being developed and several of
these candidate separators have been successfully tested in special Li-Al/
LiC1-KC1/FeS test cells. The following paper and felt separators performed
satisfactorily in 1000-hr cell tests: (1) a composite paper of Y-O3 fiber/
asbestos fiber developed at the University of Florida, (2) a BN felt bonded
with BN developed by the Carborundum Corporation, and (3) a Y,03 felt devel-
oped by Zircar Products, Inc. An all-powder Y,03 separator was also tested
for 2000 hr. These materials all show promise for use as separators; however,
tests in engineering cells are needed to verify their utility.

Development work is continuing on both fibrous and powder separators.
Efforts on the fibrous separators are devoted to the development and testing
of papers and felts having improved properties. Work on powder separators
Includes assessment of the cell design requirements for powder separators,
testing of different types of powders such as MgO, CaO, AlN, BN, and Si3Ny,
and identification of the optimum particle size.
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Porous, rigid separators are also being developed.* The relatively
simple fabrication procedures required for these separators may be econom-
ically attractive. To date, porous Y03 structures have been prepared by
four different methods. These structures are being characterized by
measurements of flexural strength, pore-size distribution, and resistance
to gas flow. In-cell testing will be conducted in laboratory cells of the
type currently used to evaluate flexible separators.

c. Static Compatibility Tests

Because corrosive conditions differ in the Li-Al, FeS,, and FeS elec-
trode environments, static corrosion tests are used extensively to screen
candidate materials of construction for compatibility with the appropriate
environment. These tests also aid in identifying the mechanisms of various
electrochemical reactions.

Static corrosion tests of metals and alloys in equal-volume mixtures of
FeS or FeSy and LiCl1-KCl continued; the tests were conducted for 1000 hr at
temperatures of 400, 450, and 500°C. Some of the materials had been tested
previously, e.g., molybdenum, nickel, several steels, and Hastelloys B and C;
some were tested for the first time, e¢.g., Inconels and Incoloy. The tests
verified the expected correlations between increased temperature and acceler-
ated corrosion rate. An important result of these tests was that the sulfide
scales formed on some alloys (Hastelloy, Inconel, stainless steel) in the
FeS> environment were similar in morphology and growth characteristics to
those reported for alloys exposed to HyS and sulfur-vapor environments. As
a result, similar mechanisms for sulfidation of the alloys in the FeS;-salt
system and in the gaseous environments are postulated.

The scope of the corrosion program was also broadened to study the effects
of cell cycling on the corrosion rate of metals and alloys.t The corrosion
tests were conducted under conditions that simulated an FeSs electrode at
various states of charge, namely, 25, 50, 75, and 100%. The results showed
that 80% or more of the total corrosion of an alloy (e.g., the Hastelloys and
Inconels) occurred between 75 and 100% charge. Estimates of the extent of
corrosion of Hastelloy B in an operating cell, based on the test results,
were in genefal agreement with results obtained in postoperative cell exam-
inations.

Compatibility tests were also conducted on metallized Y203 components
being considered for use in brazed-type feedthroughs. Five different metal-
lizing techniques were used to metallize the surfaces of yttria samples. The
samples were then exposed to LiC1-KCl saturated with Li-Al, after which they
were subjected to fracture tests to evaluate bond strength. The optimum
metallizing process was selected on the basis of corrosion resistance, bond
integrity, and metallizing composition. Brazed feedthroughs employing this
concept will be evaluated further in half-cell tests.

* .
This work is being performed by the Materials Science Division of ANL.

+The most corrosive environment to which metals and alloys are exposed is a
fully charged FeS; electrode; in an operating cell, the FeS; electrode 1s
at full charge only a small fraction of the time.
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D. Postoperative Examinations

Postoperative examinations are conducted on cells to determine mateiials
behavior and to identify causes of cell failure. These examinations empboy
microscopic, X-ray diffraction, chemical, and electron- and ion-microproie
analyses. The results are evaluated and recommendations are made to eng n;er—
ing personnel on means for avoiding or alleviating the specific problems that
lead to poor performance or failure of the cells. During the past year, post-
operative examinations were conducted on about 20 engineer?ng-scale (13 by 13
or 13 by 18 cm) prismatic cells. These cells had been subjected to cycling

tests lasting from several hundred to several thousand hours.

Examinations of Li-Al/FeS, cells yielded the following information.
Chemical analyses confirmed earlier findings that the positive electrodes
were reasonably homogeneous in sulfide content from top to bottom with no
settling of the active materials. Analyses of the positive and negative
electrodes showed no indication of cross-migration of the active materials
between the electrodes. Metallographic and microprobe analyses of FeS; cells
showed the presence of crystalline LijS and iron in the separator. This
phenomenon has been observed only in FeS; cells, and additional studies will
be required to determine its effect on cell performance, the mechanism by
which it occurs, and possible preventive measures 1f those become necessary.

The most common cause of cell failure was short circuiting resulting from
(1) extrusion of active material from one electrode to the extent that it com-
tacted the counter electrode or (2) the presence of metallic or iron sulfide
particle stringers in the separator. The extrusion of active material results
from swelling of the electrodes, which can be controlled by appropriate design
changes. The presence of particles in the separators may be avoided by
improving the particle-retention characteristics of the separator and retainers.

The postoperative examinations also indicated that design modificationms
were needed to avoild brittle fracture of the connection between the molybdenum
lead and the current collector in FeS; electrodes and to prevent Zr0Oo retainer
cloths from being cut by honeycomb structures in positive electrodes. Exam-
ination of a cell that had been operated in an air atmosphere showed no
significant differences from those operated in helium. The importance of
maintaining proper operating conditions was shown by the observations that
aluminum had reacted with the current collector of the negative electrode in
cells operated above 450°C and that overcharge of a cell causes excessive
corroslon of the positive current collector.

VII. CELL CHEMISTRY

The cell chemistry studies have been concerned mainly with (1) various
problems arising in the cell development work, (2) improvements in the active
materials and electrolyte used in the Li-Al/metal sulfide cells, and (3) a
better understanding of fundamental cell processes.

Because of the increased interest in the fabrication of cells in the
uncharged state, the availability of high-qualityv Li2S for use in the positive
electrode has assumed greater importance. Eagle-Picher Industries, Inc. has
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developed a process for preparing Li,S by the reaction of H»S with Li,CO3 at
700-800°C; this method of preparation was suggested by ANL on the basis of
literature data. The LisS product 1s whiter and more dense than that produced
by the more conventional reaction of n-butyllithium with H3S in an organic
solvent. Analyses of four lots of Li;S produced by the new process indicated
a purity of 997%.

A variety of studies have been conducted on alternative electrolyte
compositions. The addition of 10 at. % potassium ions to the LiF-LiCl-LiBr
electrolyte system had the desired effect of lowering the melting point well
below its original value of 445°C, but the phase relationships of the modified
electrolyte were not favorable for its use in cells. Additions of up to about
20 mol %Z NaCl to the LiCl1-KC1l eutectic electrolyte did not prevent the forma-
tion of "J" phase (LiKgFe34,S2gCl) during the discharge of FeS electrodes, but
they did appear to promote conversion of the J phase to LisFeS;.* However,
an addition of LiCl to LiCl1-KC1l eutectic, which increased the LiCl concentra-
tion from 58 to 70 mol %, did eliminate the J phase. The presence of 10 mol %
NaCl in the LiC1-KCl eutectic appeared to have no effect on the phases formed
during the discharge of FeS; electrodes.

The discharge mechanism of the FeS electrode in LiC1-KCl electrolyte was
investigated by metallographic techniques. Different discharge paths were
observed at the surface and in the interior of the FeS particles. The surface
was first discharged from FeS to a mixture of J phase and iron. The interior
of the particle was then discharged from FeS to LisFeS,, and finally to a mix-
ture of Li;S and iron. After the interior was fully discharged, the reaction
resumed at the surface and the J phase was converted to LizS and iron.

The ready wettability of separators and particle retainers by the molten-
salt electrolyte is a desirable feature in providing good ionic conduction
between the electrodes. Accordingly, wettability tests have been continued.
Advanced and receding contact angles of drops of molten LiC1-KC1 on Y;03,

Type 304 stainless steel, ZrO;, graphite, Al,;03, and BN surfaces correlated
well with the ease of penetration of fabrics or screens made from these
materials. Graphite, Al,03, and BN fabrics were penetrated with difficulty.
The other materials were easily penetrated.

One of the problems encountered with liquid lithium electrodes 1is the
dewetting of the negative electrode substrate after repeated cycling. A
possible solution is the use of a low-surface-area wick that transports a
liquid lithium alloy from an isolated pool into the electrolyte. In a survey
study, various combinations of liquid lithium alloys, molten-salt composi-
tions, and substrate materials were investigated to determine whether prefer-
ential wetting of the substrate by the liquid metal could be achieved. The
most promising combination found was a lithium alloy containing 1.2 at. %

(10 wt %) Cu, LiCl-KCl eutectic containing 4.2 mol % LiF, and substrates of

corrugated stainless steel sheets or screens. In a test of these materials,
a Li-Cu/FeS cell having a central cylindrical FeS electrode surrounded by an
annular Li-Cu wick electrode was constructed and operated through 50 cycles

without any evidence of dewetting or short-circuiting.

*
There are some indications that the kinetics of the discharge reaction in
FeS electrodes are improved by eliminating the J phase.
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VIII. ALTERNATIVE CELL SYSTEMS

Work has continued on investigations of alternative high-temperature
The objective of this effort 1is to develop a second-generation

abundant materials and has perfor-
rature

cell systems.
battery that is fabricated from low-cost,
mance characteristics that approach or equal those of other high-tempe

batteries.

Lithium-silicon electrodes were studied in L1i/LiC1-KC1/Si and Li/L1iF-
LiC1-L1Br/Si cells. Measurements of the emfs and capacities of the four
Li-Si voltage plateaus showed that the capacities corresponding to the
plateaus declined with repeated cell cycling. This decline resulted from
a reaction of silicon with the steel electrode housing and porous nickel
current collector. The decline in capacity was about 20% after six cycles
at 425°C. After the plateau-capacity data were corrected for the loss of
silicon, the compositions of the compounds corresponding to the four
plateaus were determined; these values were in good agreement with the
results of an earlier study at Atomics International.

A brief study was conducted on a TiS; electrode, which discharges by
an intercalation mechanism to LiTiS;. In L1/LiC1-KC1/TiS; cell tests, full
utilization of the TiS, electrode was obtained at high current density
(100 mA/cm?) and low volume fraction of electrolyte (0.15) in an electrode
0.4 cm thick. However, the high equivalent weight and cost of TiS; are
expected to limit its use to special applications.

A variety of calcium-alloy/LiCl-KC1-CaCly/FeS cells were fabricated and
tested in an effort to find a calcium alloy having good polarization charac-
teristics. The negative electrodes that were tested were the binary inter-
metallics CaAlp, CaySi, and CaMg,, and the ternary compounds of calcium with
Mg,Si. The calcium magnesium silicide electrode had the best polarization
characteristics and a satisfactory capacity (1 A-hr of Ca per gram of Mg,Si).
The Ca-(Mg;S1)/L1C1-KC1-CaCl,y/FeS cell has performance capabilities similar
to those of the Li-Al/FeS cell, and, with further development, may be suit-
able for stationary energy-storage systems. Although most of the cell
studies were directed toward development of the calcium-alloy/FeS system,
promising results were obtained in preliminary tests of two other svstems
employing alkaline-earth alloys. Magnesium dendrite formation caused short-
circuiting of a Mg/NaCl-KC1-MgCly/FeSy; cell (cell voltage, 1.53 V) after four
cycles, but in other respects the cell performance was acceptable. Studies
of methods for avoiding the formation of dendrites have been initiated. A
test of a Ca-Al/LiC1-KC1-CaCly/calcium ferrate cell, which was terminated
voluntarily after 60 cycles of operation, demonstrated that the calcium
ferrate positive electrode 1s reversible and has an acceptable capacity

(greater than 0.5 A-hr per gram of Ca0). Laboratory studies of this new
positive electrode are continuing.



23
REFERENCES
1. K. M. Myles et al., in Proec. Symp. Workshop on Advanced Battery Research

and Design, ANL-76-8, p. B-50 (1976).

2. S. Lai, J. Electrochem, Soc. 123, 1196 (1976).



24

ADDENDUM: PUBLICATIONS--1976

A. Open-Literature Publications

J. E. Battles and F. C. Mrazek
Interelectrode Separator for Electrochemical Cell

U. S. Patent 3,915,742, October 28, 1975

T. R. Beck, N. P. Yao, and A. R. Landgrebe
Conservation of Energy in the Electrochemical Indust
Extended Abstracts of Electrochemical Society Meeting,
Nevada, October 17-22, 1976, 76-2, p. 204 (1976)

ries
Las Vegas,

W. R. Frost, D. R, Vissers, M. F. Roche, and K. E. Andersomn
Characteristics of Li-Al and Li~Si Alloys as the Negative Electrode
Material in LiM/LiC1-KC1l/FeSx Cells

Extended Abstracts of Electrochemical Society Meeting,
Washington, D. C., May 2-7, 1976, 76-1, p. 49 (1976)

E. C. Gay and F. J. Martino
Cathode for a Secondary Electrochemical Cell
U. S. Patent 3,907,589, September 23, 1975

E. C. Gay and F. J. Martino
Method of Preparing Electrodes with Porous Current Collector
Structures and Solid Reactants for Secondary Electrochemical Cells

U. S. Patent 3,933,520, January 20, 1976

E. C. Gay and F. J. Martino
Cycle Life Characteristics of Lithium~Aluminum/Iron Sulfide Cells

Extended Abstracts of Electrochemical Society Meeting, Las Vegas,
Nevada, October 17-22, 1976, 76-2, p. 123 (1976)

E. C. Gay, T. D. Kaun, and F. J. Martino
Review of Electrode Designs and Fabrication Techniques for Lithium—
Aluminum/Iron Sulfide Cells
Proc. 11th Intersociety Energy Conversion Engineering Conference,
State Line, Nevada, September 12-17, 1976, p. 477 (1976)

E. C. Gay, D. R. Vissers, F. J. Martino, and K. E. Anderson
Performance Characteristics of Solid Lithium-Aluminum Alloy Electrodes
J. Electrochem. Soc. 123(11), 1591-1596 (November 1976)

R. 0. Ivins, E. C. Gay, W. J. Walsh, and A. A. Chilenskas
Design and Performance of Lithium Aluminum/Iron Sulfide Cells

Proc. 27th Power Sources Symposium, Atlantic City, New Jersey,
June 21-24, 1976, p. 8 (1976)

T. D. Kaun and W. A. Kremsner
Carbon-Bonded Positive Electrodes for Lithium-Aluminum/Metal Sulfide
Cells
Extended Abstracts of Electrochemical Society Meeting, Las Vegas,
Nevada, October 17-22, 1976, 7¢-3, p. 120 (1976)



A.

25

R. Landgrebe, K. W. Klunder, and N. P. Yao

Federal Battery Program for Transportation Uses
Proc. 27th Power Sources Symposium, Atlantic City, New Jersey,
June 21-24, 1976, p. 23 (1976)

P. Mathers, T. W. Olszanski, and J. E. Battles
Evaluation of Porous Paper and Felt Ceramics for Electrode Separators
in High-Temperature Li-Al1/LiC1-KC1/FeS Cells
Extended Abstracts of Electrochemical Society Meeting, Las Vegas,
Nevada, October 17-22, 1976, 76-2, p. 110 (1976)

F. Roche
Device for Determining Carbon Activity Through Pressure
U. S. Patent 3,941,566, March 2, 1976

F. Roche, 5. K. Preto, and A. E. Martin
Calcium Alloy as Active Material in Secondary Electrochemical Cell
U. S. Patent 3,980,495, September 14, 1976

F. Roche, D. R. Vissers, and K. E. Anderson

Satistical Model for LiAl Electrode Polarization
Extended Abstracts of Electrochemical Society Meeting, Las Vegas,
Nevada, October 17-22, 1976, 76-2, p. 99 (1976)

. Schaum, C. A. Melendres, and R. K. Steunenberg

Electrode Potential Measurements in Molten LiF-LiCl-LiBr Electrolyte
Extended Abstracts of Electrochemical Society Meeting, Las Vegas,
Nevada, October 17-22, 1976, 76-2, p. 117 (1976)

. L. Settle, K. M, Myles, and J. E. Battles

Method of Preparing an Electrode Material of Lithium-Aluminum Alloy
U. S. Patent 3,957,532, May 18, 1976

Shimotake, L. G. Bartholme, and D. R. Vissers
Effects of Electrolyte Composition on Performance Characteristics of
Li-Al1/FeSy Cells
Extended Abstracts of Electrochemical Society Meeting, Las Vegas,
Nevada, October 17-22, 1976, 76-2, p. 127 (1976)

Shimotake, W. J. Walsh, E. S. Carr, and L. G. Bartholme

Development of an Uncharged Li-Al/FeSyx Cell
Proc. 11th Intersociety Energy Conversion Engineering Conference,

State Line, Nevada, September 12-17, 1976, p. 471 (1976)

A. Smaga and J. E. Battles

Sulfidation Studies of Nickel-Base Alloys for Li-—Al/FeSx Batteries
Extended Abstracts of Electrochemical Society Meeting, Las Vegas,
Nevada, October 17-22, 1976, 76-2, p. 113 (1976)

K. Steunenberg,A. E. Martin, and Z. Tomczuk
Cathode Composition for Electrochemical Cell
U. S. Patent 3,941,612, March 2, 1976



26

Z. Tomczuk, A. E. Martin, and R. K. Steunenberg
The Chemistry of the FeS Electrode of Li/FeS Cells Venas
Extended Abstracts of Electrochemical Socilety Meeting, Las gas,

Nevada, October 17-22, 1976, 76-2, p. 131 (1976)

D. R. Vissers, K. E. Anderson, and W. R. Frost )
Electrochemical Evaluation of Solid Lithium Alloys as Negative

Electrode Materials
Extended Abstracts of Electrochemical Society Meeting,

Nevada, October 17-22, 1976, 76-2, p. 115 (1976)

Las Vegas,

D. R. Vissers and B. S. Tani
Anode for a Secondary, High-Temperature Electrochemical Cell

U. S. Patent 3,933,521, January 20, 1976

R. D. Walker, Jr., C. C. Cheng, J. E. Battles, and J. P. Mathers
Separators for Lithium Alloy-Iron Sulfide Fused Salt Batteries
Extended Abstracts of Electrochemical Society Meeting,
Washington, D. C., May 2-7, 1976, 76-1, p. 49 (1976)

N. P. Yao and A. R. Landgrebe
Battery Development in Japan
Electric Vehicle News 5(2), 10-13 (May 1976)

N. P. Yao and W. J. Walsh
Electrochemical Cell Assembled in Discharged State
U. S. Patent 3,947,291, March 30, 1976

N. P. Yao and W. J. Walsh
Battery Systems for Load-Leveling and Electric Vehicle Applications
Geological Survey Professional Paper 1005, U. S. Dept. of Interior,
p. 5 (1976)

Papers Accepted for Publication in the Open Literature

E. C. Gay, D. R, Vissers, N. P. Yao, F. J. Martino, T. D. Kaun, and
Z. Tomczuk
Electrode Designs for High-Performance Lithium-Aluminum/Iron Sulfide
Cells
Accepted for publication in Proc. 10th Int. Power Sources
Symposium, IPSS Committee (UK)

C. A. Melendres
Kinetics of Electrochemical Incorporation of Lithium into Aluminum
Accepted for publication in J. Electrochem. Soc.

C. A. Melendres and C. C. Sy
Anodic Sulfidation of Iron in Molten LiC1-KC1
Accepted for publication in J. Electrochem. Soc.

P. A. Nelson and N. P, Yao

Batteries for Utility Load Leveling
Accepted for publication in Proc. 38th Am. Power Conference



J.

27

R. Seman, D. K. De Nuccio, C. G. Cajigas, and R. K. Steunenberg
Emf Studies of Lithium-Rich Lithium-Aluminum Alloys for High-Energy
Secondary Batteries

Accepted for publication in J. Electrochem. Soc.

ANL Reports

J.

T.

co]

1 d

G. Eberhart

The Wettability of High-Temperature Cell Separators by Molten Salt
Proc. Symp. and Workshop on Advanced Battery Research and Design,
Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. B-74
(1976)

E. Hickman and V. M. Kolba

Modeling Approaches for Molten Salt Lithium/Sulfide Batteries
Proc. Symp. and Workshop on Advanced Battery Research and Design,
Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. B-264
(1976)

M. Myles, F. C. Mrazek, J. A. Smaga, and J. L. Settle

Materials Development in the Li-Al/Metal Sulfide Battery Program at

Argonne National Laboratory
Proc. Symp. and Workshop on Advanced Battery Research and Design,
Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. B-50
(1976)

. A. Nelson

Comparison of U. S. and European High-Temperature Battery Programs
Proc. Symp. and Workshop on Advanced Battery Research and Design,
Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. A-99,
(1976)

A. Nelson, R. 0. Ivins, N. P, Yao, J. E. Battles, A. A. Chilenskas

C. Gay, R. K. Steunenberg, and W. J. Walsh

High-Performance Batteries for Off-Peak Energy Storage and Electric-

Vehicle Propulsion, Progress Report for the Period January-June 1975
ANL-75-36

A. Nelson, R. O, Ivins, N. P. Yao, J. E. Battles, A. A. Chilenskas,
C. Gay, R. K. Steunenberg, and W. J. Walsh

High-Performance Batteries for Off-Peak Energy Storage and Electric-
Vehicle Propulsion, Progress Report for the Period July-December 1975

ANL-76-9

A. Nelson, R. 0. Ivins, N. P. Yao, J. E. Battles, A. A. Chilenskas

C. Gay, R. K. Steunenberg, and W. J. Walsh
Development of Lithium/Metal Sulfide Batteries at Argonne National

Laboratory, Summary Report for 1975
ANL-76-45

A. Nelson, R. 0. Ivins, N, P. Yao, J. E. Battles, A. A. Chilenskas,

C. Gay, R. K. Steunenberg, and W. J. Walsh '
High-Per formance Batteries for Off-Peak Energy Storage and Electric-
Vehicle Propulsion, Progress Report for the Period January-March 1976

ANL-76-35



28

. A. Nelson, N. P. Yao, C. R. Luartes, A. A. Chilenskas, E. C. gayﬁoche

. K. Steunenberg, J. E. Battles, F. Hornstra, W. E. Miller, M. F. ’

Shimotake, and W. J. Walsh

High-Performance Batteries for Off-Peak E

Vehicle Propulsion, Progress Report for t
ANL-76-81

nergy Storage and Electric-
he Period April-June 1976

. J. Preto, L. E. Ross, A. E. Martin, and M. F. Roche

Rechargeable Calcium High-Temperature Cells
Proc. Symp. and Workshop on Advanced Battery Researc

Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. B-138
(1976)

h and Design

. R. Selman, R. K. Steunenberg, J. J. Barghusen, and W. G. Howa?d, Eds.
Proc. Symp. and Workshop on Advanced Battery Research and Design,
Argonne National Laboratory, March 22-24, 1976, ANL-76-8 (1976)

Shimotake and L. G. Bartholme

Development of Uncharged Li-Al/FeS Cells
Proc. Symp. and Workshop on Advanced Battery Research and Design,

Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. B-210
(1976)

. Tomczuk, R. K. Steunenberg, and R. E. Hollins

Overcharge Studies of the FeS, Electrode in Li/FeS, Cells
Proc. Symp. and Workshop on Advanced Battery Research and Design,
Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. B-99
(1976)

. L. Towle, J. E. A. Graae, A. A. Chilenskas, and R. O. Ivins
Cost Estimate for the Commercial Manufacture of Lithium/Iron Sulfide
Cells for Load-Leveling

ANL-76-12

. R. Vissers and K. E. Anderson

The Characterization of Porous Li-Al Alloy Electrodes
Proc. Symp. and Workshop on Advanced Battery Research and Design,
Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. B-176
(1976)

. D. Walker, C. C. Cheng, J. E. Battles, and J. P. Mathers
Separators for Lithium Alloy-Iron Sulfide Fused Salt Batteries
Proc. Symp. and Workshop on Advanced Battery Research and Design,
?rgon?e National Laboratory, March 22-24, 1976, ANL-76-8, p. B-41
1976

. P. Yao

Battery Development in Japan
Proc. Symp. and Workshop on Advanced Battery Research and Design,
Argonne National Laboratory, March 22-24, 1976, ANL-76-8, p. A-107
(1976)



29

Papers Presented at Scientific Meetings

J. E. Battles
Materials for High-Temperature Li-Al/FeS, Secondary Batteries
Presented at Distinguished Lecture Series on Materials Programs
in Energy Production, Joint Center for Materials Science,
Albuquerque, N, M., February 26, 1976
J. E. Battles, J. A. Smaga, and K. M. Myles
Materials Requirements for High-Temperature Secondary Batteries
Presented at Fall AIME Meeting, Niagara Falls, N. Y.,
September 19-23, 1976
A. A. Chilenskas, G. J. Bernstein, and R. 0. Ivins
Lithium Requirements for High-Energy Lithium Aluminum/Iron Sulfide
Batteries for Load Leveling and Electric Vehicle Application
Presented at Symp. on United States Lithium Resources and
Requirements by the Year 2000, Lakewood, Colorado, January 22-24,
1976
A. A, Chilenskas, G. J. Bernstein, J. E. A. Graae, F. Hornstra,
M. A. Slawecki, V. Kolba, and R. 0. Ivins
Design and Testing of Lithium/Iron Sulfide Batteries for Electric-
Vehicle Propulsion
Presented at 4th Int. Electric Vehicle Council Symposium,
Dusseldorf, Germany, August 30-September 2, 1976
J. G. Eberhart
The Wettability of Some Metals and Ceramics by Molten Salt
Presented at 69th Annual Meeting, AIChE, Symp. on Fundamental
Research in Interfacial Phenomena, Chicago, Illinois,
November 28-December 2, 1976
A. R. Landgrebe and P. A. Nelson
Battery Research Sponsored by the U. S. Energy Research and
Development Administration
Presented at the Symp. on United States Lithium Resources and
Requirements by the Year 2000, Lakewood, Colorado, January 22-24,
1976
P. A. Nelson
Lithium/Metal Sulfide Batteries
Presented at the Gordon Research Conference on Electrochemistry,
Santa Barbara, California, January 18-23, 1976
P. A. Nelson and N. P. Yao
Batteries for Utility Load Leveling
Presented af the 38th American Power Conference, Chicago, Illinois,
April 20-22, 1976
H. Shimotake

Molten Salt Batteries
Seminar at U. of Pittsburg, Dept. of Chem. Eng., November 19, 1976



30

R. K. Steunenberg

Liquid Metal Electrodes in Secondary Batteries
Presented at Int. Conf. on Liquid Metal Technology in Energy

Production, Champion, Pennsylvania, May 3-6, 1976

W. J. Walsh, H. Shimotake, and J. D. Arntzen
Performance Characteristics of Lithium-Aluminum/Iron Sulfide Cells

Presented at 10th Int. Power Sources Symposium, Brighton, England,
September 13-16, 1976

N. P. Yao
The Status of Battery Development for Electric Cars
Presented at Boston Section, IEEE, Vehicle Technology Group

Boston, Massachusetts, January 13, 1976

N. P. Yao and W. J. Walsh
Battery Systems for Load-Leveling and Electric Vehicle Application,

Near-Term and Advanced Technology
Presented at Symp. on United States Lithium Resources and
Requirements by the Year 2000, Golden, Colorado, January 22-24,

1976

N. P. Yao
Energy Conservation via Storage Batteries
Presented at Symp. on the Electrochemistry of the Three E's--
Energy, Environment and the Economy, Hoboken, New Jersey,
March 17, 1976

N. P. Yao
Applications and Prospects of Energy Storage Batteries
Presented at Region 6 IEEE Conference, Tucson, Arizona,
April 7-9, 1976

N. P. Yao
Batteries for Solar Energy Storage
Presented at Joint Solar Conference, U. S./Canada Solar Energy
Societies, Winnipeg, Canada, August 15-20, 1976

N. P. Yao
Near-Term Electric Vehicle Batteries
Presented at Am. Chem. Soc. Meeting, San Francisco, California,
August 29-September 3, 1976



31

Distribution for ANL-77-18

Internal

M. V. Nevitt V. M. Kolba A. D. Tevebaugh
R. V. Laney W. Kremsner W. D. Tuohig

P. R. Fields M. L. Kyle Z. Tomczuk

S. A. Davis W. W. Lark D. R. Vissers

B. R. T. Frost S. Lawroski S. Vogler

G. T. Garvey C. A. Luartes W. J. Walsh

D. C. Price R. F. Malecha D. S. Webster
K. E. Anderson A. E. Martin I. O. Winsch

J. D. Arntzen F. J. Martino S. E. Wood

J. Barghusen C. A. Melendres N.P. Yao

L. Bartholme A. Melton S. A. Zivi

J. E. Battles W. E. Miller P. Eshman

E. C. Berrill F. Mrazek J. E. A. Graae
C. A. Boquist K. M. Myles J. L. Hamilton
L. Burris T. Olszanski J. Mathers

F. A. Cafasso P. A. Nelson (100) G. J. Bernstein
A. A. Chilenskas E. G. Pewitt K. G. Carroll

T. Cooper E. R. Proud P. A. Eident

P. Cunningham S. Preto T. D. Kaun

D. Day G. Redding J. E. Kincinas

J. Dorsey M. F. Roche K. Kinoshita

J. G. Eberhart L. E. Ross Z. Nagy

R. Elliott J. Royal K. A. Reed

W. R. Frost W. W. Schertz M. A. Slawecki
E. C. Gay J. L. Settle C. Sy

F. Hornstra H. Shimotake A. B. Krisciunas
A. A. Jonke J. A. Smaga ANL Contract Copy
R. W. Kessie R. K. Steunenberg ANL Libraries (5)
G. M. Kesser (2) C. A. Swoboda TIS Files (6)

External:

ERDA-TIC, for distribution per UC-94c¢ (180)
Chief, Chicago Patent Group
V. Hummel, ERDA-CH
President, Argonne Universities Association
Chemical Engineering Division Review Committee:
R. C. Axtmann, Princeton Univ.
R. E. Balzhiser, Electric Power Research Institute
J. T. Banchero, Univ. Notre Dame
D. L. Douglas, Gould Inc.
P. W. Gilles, Univ. Kansas
R. I. Newman, Allied-General Nuclear Services
G. M. Rosenblatt, Pennsylvania State Univ.
J. G. Ahlen, Illinois Legislative Council, Springfield
J. Ambrus, Naval Surface Weapons Center
J. N. Anand, Dow Chemical Co., Walnut Creek, Calif.
F. Anson, California Inst. Technology
P. Auh, Brookhaven Nationa] Laboratory
B. S. Baker, Energy Research Corp.



32

Balzan, Tennessee Valley Authority .

F. Barber, Div. Transportation Energy Conservation, USERDA
J. Barger, Jr., U. S. Army MERDC, Fort Belvoir

R. Beck, Electrochemical Technology Corp., Seattle
A. Belding, Div. Conservation Research & Technology, USERDA
Benedict, Massachusetts Institute of Technology

N. Bennion, Univ. California, Los Angeles
. Birk, Electric Power Research Inst.
. Braunstein, Oak Ridge National Laboratory

. Breiter, GE Research & Development Center
. O. Brittain, Northwestern U.

. Brodd, Parma Technical Center, Union Carbide Corp.

J. Brogan, Div. Transportation Energy Conservation, USERDA
. Brooman, Battelle Memorial Institute, Columbus

. M. Bush, Sandia Laboratories
. Buzzelli, Westinghouse Electric Corp., Pittsburgh

. J. Cairns, General Motors Research Lab., Warren, Mich.

. Carr, Eagle-Picher Industries, Joplin
. Carr, Energy Development Associates, Madison Heights, Mich.
hloride Systems (U. S. A.) Inc., North Haven, Conn.

. Christenson, Gould Inc.

. Cohen, Univ. of Chicago
. R. Cook, Int’l Lead Zinc Research Organization, Inc., New York City
. R. Craig, Hooker Chemical Corp.
. Cramer, Southern California Edison, Rosemead

. Dippold, Div. Transportation Energy Conservation, USERDA
. Dunning, General Motors Research Lab., Warren, Mich.
. Eggers, Battelle Memorial Institute, Columbus
. P. Epple, Div. Physical Research, USERDA

P. L. Fleischner, National Beryllia Corp.

J. H. B. George, Arthur D. Little, Inc.

J. Giner, Tyco Labs., Inc., Waltham, Mass.

C. Goddard, Div. Conservation Research and Technology, USERDA
G. Goodman, Globe-Union, Inc., Milwaukee

G. Gorten, Gorten and Associates, Sherman QOaks, Calif.

H. Grady, Foote Mineral Co., Exton, Pa.

S. Gratch, Birmingham, Mich.

D. Gregory, Institute of Gas Technology, Chicago

N. Gupta, Ford Motor Co.

N. Hackerman, Rice U.

G. Hagey, Div. of Energy Storage Systems, USERDA

R. Hamilton, Carborundum Co., Niagara Falls

W. Hassenzahl, Los Alamos Scientific Laboratory

L. A. Heredy, Atomics International

B. Higgins, Eagle-Picher Industries, Joplin

R. Hudson, Eagle-Picher Industries, Joplin

J. R. Huff, U. S. Army Mobility Equipment R&D Center, Fort Belvoir
R. A. Huggins, Stanford U.

R. A. Huse, Public Service Electric & Gas Co., Newark, N. J.

S. D. James, U. S. Naval Surface Weapons Center (3)

M. A. Jansen, Allegheny Power Service Corp. Greensburgh, Pa.
G. Janz, Rensselaer Polytechnic Inst.

H. Jensen, C&D Batteries, Plymouth Meeting, Pu.

F. Kalhammer, Elcctric Power Rescarch Institute

.
.

—o0ErEHAmA T

ght

-

.

N lwl- 3 deNeNa-NeolesNesRuNes B

=g



33

K. Kinsman, Ford Motor Co.

R. Kirk, Div. Conservation Research & Technology, USERDA
K. W. Klunder, Div. of Energy Storage Systems, USERDA

J. Lagowski, Detroit Edison Utility Co.

J. J. Lander, Air Force Aero Propulsion Lab., Wright-Patterson AFB
A. Landgrebe, Div. of Energy Storage Systems, USERDA (100)
C. E. Larson, Bethesda, Md.

S. H. Law, Northeast Utilities, Hartford, Conn.

H. Leribaux, Texas A&M U.

D. Linden, U. S. Army Electronics Command, Fort Monmouth, N. J.
R. Llewellyn, Indiana State U.

P. S. Lykoudis, Purdue Univ.

J. McKeown, Office of Program Administration, USERDA

C. McMurty, Carborundum Co., Niagara Falls

. McRae, ILC Technology, Sunnyvale, Calif.

. Meighan, C. & D. Batteries, Plymouth Meeting, Pa.

. Minck, Ford Motor Co.

Moore, Div. of Energy Storage Systems, USERDA

. Murray, Detroit Edison Utility Co.

. Nicholson, Esso Research & Engineering Corporate Res. Lab., Linden, N. J.
. Pax, Div. Transportation Energy Conservation, USERDA

. F. Pezdirtz, Div. of Energy Storage Systems, USERDA

. Rightmire, Standard Qil of Ohio, Cleveland

. Rizzo, Globe-Union Inc., Milwaukee

. Rosenberg, Transportation Systems Center, Cambridge, Mass.
. W. Rosenblatt, E. I. duPont de Nemours & Co., Wilmington

. Rubischko, Gould Inc.

. Salkind, ESB Inc., Yardley, Pa.

. Scharbach, American Motors General Corp., Wayne, Mich.

. Schneider, Public Service Electric & Gas Co., Newark, N. J.

. I. Schoen, National Science Foundation

. R. Schorr, Battelle Memorial Institute, Columbus

R. Schramm, Public Service Electric & Gas Co., Newark, N. J.
J.

OmOmMIYR

FARAZZARAIO

a2

Schwartz, NASA Lewis Research Center

R. Selman, Illinois Institute of Technology

I. Snow, Atlantic Richfield Co., Harvey, Il
. Srinivasan, Brookhaven National Laboratory
. Stakem, Catalyst Research Corp., Baltimore
. Steeve, Commonwealth Edison Co., Chicago
. H. Strange 11, National Science Foundation
. L. Strombotne, U. S. Dept. Transportation, Washington
. Sudar, Atomics International
. H. Swoyer, Pennsylvania Power and Light Co., Allentown
. Tepper, Catalyst Research Corp., Baltimore
. Thaller, NASA Lewis Research Center
. M. Thur, Div. Transportation Energy Conservation, USERDA
. W. Tobias, U. California, Berkeley
. Topper, National Science Foundation
. Vanderryn, Office of Intern. R&D Programs, USERDA
. V. Vinciguerra, Eagle-Picher Industries, Joplin
. D. Walker, Jr., U. Florida
. 0. Wanvig, Jr., Giobe Union, Inc., Milwaukee
. A. Weiner, Ford Motor Co.
. Werth, ESB Inc., Yardley, Pa.

.
.

v = mo

AOXR - =COAr TRV ImT

a5}



34

C. Wienlein, Globe-Union Inc., Milwaukee

F. Will, General Electric R&D Center, Schenectady

J. Withrow, Chrysler Corp., Detroit

W. L. Wonell, U. of California, Berkeley

S. Wood, La Grange Park, I11.

T. Wydeven, NASA Ames Research Center

O. Zimmerman, Portland General Electric Co., Portland, Ore.

M. Zlotnick, Div. Conservation Research and Technology, USERDA
Chloride Technical Limited, Manchester, England

E. Aiello, U. of Chicago

W. J. Argersinger, Jr., U. of Kansas

J. T. Banchero, U. of Notre Dame

K. J. Bell, Oklahoma State U.

R. Blanco, Oak Ridge Nat. Lab.

C. F. Bonilla, Columbia U.

W. Brandt, U. of Wisconsin-Milwaukee

A. E. Dukler, U. of Houston

W. J. Frea, Michigan Tech. U.

C. D. Harrington, Douglas United Nuclear, Inc.

J. E. Linehan, Marquette U.

Maine Univ., Prof. in charge of Chem. Engr. Lib.

Marquette U., Dept. of Chemistry

Michigan Tech. U., LibraryG

G. Murphy, Iowa State U.

E. A. Peretti, U. of Notre Dame

G. W. Preckshot, Engr. U. of Missouri

H. Rosson, U. of Kansas

C. Sanathanan, U. of Illinois-Chicago Circle

A. Sesonske, Purdue U.

USERDA, Director, Div. of Safeguards and Security

B. W. Wilkinson, Michigan State U.

Comision Nacional de Energia Atomica, Library, Argentina

J. A. Sabato, Com. Nac. de Energia Atomica, Buenos Aires, Argentina
C. H. Cheng, Nat’l Tsing Hua Univ., China

National Radiological Protection Board, Library, Harwell, England
L. Kemmerich, Ges. fur Kernforschung, Karlsruhe, Germany

F. Weigel, Inst. fur Anorganische Chemie der U. Munich, Germany
N. Saratchandran, Bhabha Atomic Research Centre, Bombay, India
K. Fujimiya, U. of Tokyo, Japan

Japan Atomic Energy Research Inst., Tokai-mura, Japan

K. Matsuda, Inst. of Physical & Chemical Res., Yamato-machi, Japan
Sang-Soo Lee, Korea Advanced Institute of Science, Korea

Korean Atomic Energy Research Institute, Korea

Ragnar Nordberg, Sahigren’s Hospital, Goteborg, Sweden



| RN X



